We report on experimental investigations of an electrically driven WSe 2 based lightemitting van der Waals heterostructure. We observe a threshold voltage for electroluminescence significantly lower than the corresponding single particle band gap of mono-1 arXiv:1702.08333v1 [cond-mat.mes-hall] 27 Feb 2017 layer WSe 2 . This observation can be interpreted by considering the Coulomb interaction and a tunneling process involving excitons, well beyond the picture of independent charge carriers. An applied magnetic field reveals pronounced magneto-oscillations in the electroluminescence of the free exciton emission intensity with a 1/B-periodicity.
energy of the free exciton of the WSe 2 monolayer (and not with the energy of a single-particle bandgap). This fact points out the relevant role of Coulomb interactions between electrically injected carriers on the tunneling processes in our device. Furthermore, pronounced magnetooscillations are observed in the electroluminescence emission intensity measured as a function of magnetic field applied perpendicularly to the layer planes. These oscillations, periodic with the inverse of the magnetic field, reflect the modulation of the efficiency of carrier tunneling and are caused by the Landau quantization of the two-dimensional graphene electrodes.
We studied a light-emitting diode structure 12, 13 that is based on a WSe 2 monolayer as the active part. The layer sequence for this device was Si / SiO 2 / hBN / graphene / hBN / WSe 2 / hBN / graphene. The emission area of the structure is presented on the microscope image in Figure 1 (a). Figure 1 (b) depicts a schematic drawing of the layered structure.
The two hBN spacers that separate the WSe 2 monolayer from the graphene electrodes are two layers thick. A detailed description of the fabrication process can be found in Ref. [12] .
The optoelectronic characteristics of the sample were studied by recording the electroluminescence (EL) signal as a function of bias voltage and in magnetic fields up to 14 T.
Current-voltage curves were measured to study the tunneling processes and photoluminescence (PL) mapping of the sample was performed to additionally characterize the structure.
All measurements were performed with an optical-fiber-based insert placed in a superconducting coil. The investigated sample was located on top of an x-y-z piezo-stage kept in helium gas at T = 4.2 K. The laser light from a continuous wave Ar+ laser (λ = 514.5 nm)
was coupled to an excitation fiber of 5 µm diameter, focused on the sample by an aspheric lens. The signal was detected with a 50 µm core fiber (collection spot diameter of ∼ 10 µm) by a 0.5 m long monochromator equipped with a charge-couple-device (CCD) camera. Electrical measurements were performed using a Keithley 2400 source-measure unit.
A vertical current was observed upon the application of a bias voltage (V b ) between the two graphene electrodes. Such a charge transfer from one graphene layer to the other can only be achieved via tunneling. To describe the electronic transport perpendicular to the structure, we present in Figure 1 (c) the variations of the differential conductance G=dI/dV b as a function of the bias applied between the two graphene electrodes. The optical emission was monitored at the same time. The corresponding integrated EL intensity is presented in Figure 1 (d).
To interpret the optoelectronic behavior of this device, it is crucial to know the band alignment of the heterostructure. To this end one has to rely both on the theoretical estimations 17,18 and on the spectroscopic experimental works targeting these band offsets.
3,5,19
A schematic illustration of the bands is shown in Figure 1 ( The results are summarized qualitatively in the sketch in Figure 1 (e).
By using the proposed band alignment scenario, we can divide the differential conductance ( Figure 1 (c) ) in three distinct tunneling regimes. The first one occurs at around zero bias, where a pronounced peak is observed. We ascribe this feature to be caused by the tunneling through impurity donor/acceptor bands in WSe 2 , that pin the Fermi level ( Figure 1 (e)). With an increase in bias voltage the tunneling through the impurity band ceases to be resonant and a decrease in differential conductance is observed, giving rise to a symmetric peak-like shape. Our measurements cannot directly infer whether these impurities are of donor or acceptor type. However, within the expected band alignment, the Dirac point of graphene is much closer in energy to the valence band edge of WSe 2 , a material which shows preferably p-type conductivity. [22] [23] [24] [25] [26] Hence, we assume that the dominant impurities in the investigated WSe 2 monolayer are of acceptor type, and that the Fermi level is pinned to this impurity band at zero applied bias. A small applied bias is then sufficient to move the Fermi levels of the graphene electrodes out of resonance with this band, producing a symmetric differential conductance feature centered at zero applied bias. The peak at zero bias was also observed for other similar WSe 2 devices, however it was found that its magnitude can strongly vary from device to device (see supporting information) and it can also be absent.
This variation can be understood in terms of different unintentional initial doping of WSe 2 , which might vary from flake to flake.
The second regime, indicated by the green color in Figure 1 to 4 times bigger than in PL (red dashed line in Fig. 2 (a) ). The large FWHM originates from inhomogeneous broadening, which is more apparent in EL than PL since in the case of the former the signal is collected from the entire flake. At lower energies, a complex broad band is observed, typical for monolayer WSe 2 samples and which has been attributed to charged and localized (bound) excitons. 13, [32] [33] [34] This large broad band indicates the presence of a significant amount of impurities in the case of our device. The presence of defects as evidenced by the optical measurements fits into the scenario of a pinned Fermi level for this device. A magnetic field was applied perpendicular to the surface of the structure in order to study its impact on the EL signal. First, a strong magneto-resistance develops in the structure and significantly shifts the threshold bias for EL emission to larger voltages with increasing applied magnetic field. We ascribe this additional resistance to be caused by the in-plane magneto-resistance of the graphene contacts, which serve as conductors between the metal contacts and the active area. 9 This effect hinders measurements with constant applied voltage. To compensate for the additional voltage drop a constant current was kept for the magnetic field sweeps, which yielded stable EL measurement conditions. 
where v f = 1 · 10 6 m s is the Fermi velocity and n the Landau level index. For a constant energy cut across the LL-spectrum of graphene, one obtains oscillations with a 1/B periodicity. Hence, by using the extracted periodicity one can determine the energy above the Dirac point by calculating
This consideration yields an energy separation of about E osc = 350 meV. In Figure   2 (c) we present an overlay of the graphene Landau levels with the Dirac point located 350 meV below the energy of the X 0 line and the measured EL-spectra. We find an excellent agreement, since the spacing as well as the energy dependence of the modulations are fully described. Consequently, we conclude that the oscillations are related to the quantized density of states (DOS) of the graphene electrodes. This quantization leads to oscillations in the population of holes in the WSe 2 valence band, since the injection process via tunneling from graphene is modulated by the LL spectrum. At lower energies, no signatures of an energy-dependent modulation could be observed for the broad localized (bound) exciton emission band. However, an attenuation of the broad band that oscillates with the magnetic field but not with the energy is apparent when the exciton is affected by the above discussed tunneling process. Such a behavior can be observed in Figure 2 This effect confirms that the population of these localized states is fed by the population of free excitons: electrons are injected into the WSe 2 layer via tunneling and directly bound to holes to first form excitons which can scatter to the localized excitonic bands, at lower energy. 37 As a consequence, instead of an energy-dependent modulation, as it was observed for the broadened X 0 line, one would expect the oscillation frequency to be transferred from the free exciton to the localized bands.
Another characteristic observation is the appearance of a single frequency although there are two tunneling processes (holes and electrons) with different tunneling barriers. Eqn. 1 describes a Landau level fan chart with an energy spacing between consecutive LLs that decreases with increasing LL-index n. This implies that for a high Fermi energy, the LL spectrum can be significantly smeared out, thus no clear oscillatory behavior can be expected concerning the electron tunneling. This observation of a single frequency modulating the exciton emission intensity, can therefore be seen as an additional evidence that the graphene electrodes are responsible for the oscillations. The modulation in tunneling that was registered optically should in principle also be present in the electrical characteristics.
Instead, the experiment shows no clear modulation in the measured voltage as a function of magnetic field. This discrepancy can be understood when taking into account the actual processes that influence the two measurement techniques. The EL signal is only sensitive to the excitonic population, which is a result of the injection of electrons and holes via tunneling. The electrical measurement, however, is a sum of all possible tunneling pathways and does also include leakage and parasitic components, which can mask the effect. With the magneto-EL measurement we therefore gained information difficult to access with standard magneto-transport tunneling experiments.
In summary, we report on optoelectronic properties of a WSe 2 based tunneling lightemitting vdW heterostructure in magnetic fields. We propose a conceivable scenario for the band alignment in the structure, which allows us to estimate an acceptor binding energy. The 
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Band structure and electric field considerations
This section describes the approach employed to obtain an estimation for the acceptor binding energy given in the main text (E acc ∼ 250 meV). To extract this value we made the following assumptions:
• The electric field is homogeneous across the structure for voltages below and equal to V h , i.e. no free carriers are present in the WSe 2 monolayer. This condition makes it reasonable to simplify the situation by introducing an effective dielectric constant weighted by the thicknesses of the layers to describe the electric fields.
• The offset between the Dirac point of the graphene electrodes and the valence band of the WSe 2 layer is E V B = −0.7 eV. As described in the main text this value is based on literature.
• The Fermi level is pinned to the acceptor states at zero applied voltage, in accordance with our interpretation of the feature centered at 0 V observed in the differential conductance (see main text).
• The onset of hole tunnelling corresponds to a voltage of V h = ±0.7 V, as extracted from our measurements.
As a first step we define an effective dielectric constant ef f for the whole hBN/WSe 2 /hBN stack (using hBN = 4, 38,39
Where hBN , W Se 2 are the dielect contants of hBN and of WSe 2 , respectively. We use ef f to estimate the electric field F according to
This field causes an energy shift of the Dirac cones, which can be written as
The definitions of the relevant energies needed to estimate the acceptor energy E acc are presented in Figure 4 . The application of a voltage equal to V h = ±0.7 V leads to the build-up of an electric field across the structure (see Figure 5 ). As assumed above we estimate E f ield by dividing the applied voltage by the effective dielectric constant giving E f ield = 0.14 eV.
The Dirac cones of the graphene electrodes should shift by the same value equal to |E f ield /2|, since we assumed the screening inside the stack to be zero. Please note the we choose the origin to be exactly in the center of the symmetric structure (long dashed line in Figure 5 ). We now can calculate the Fermi energy for holes E f h , since we know that it has to coincide with the valence band edge of WSe 2 for the applied voltage V h . 
which gives a hole concentration (v f = 1 · 10 6 m/s) of n h = 2.92 · 10
The Fermi level in the second graphene electrode can be obtained since we apply a constant voltage, which is equal to a constant energy difference between the quasi Fermi levels E f h and E f e . By using this fact we obtain E f e = |e · V h | − |E f ield | − |E f h | = −0.07 eV (8) and hence we obtain a hole concentration of n e = 3.54 · 10 11 cm −2 .
pinned Fermi level, which yields n 0 = n e + n h 2 = 1.48 · 10 13 cm −2 .
This concentration corresponds to an initial Fermi level E f 0 of E f 0 = −0.45 eV.
Having obtained the position of the pinned Fermi level we can estimate the acceptor binding energy to be
Zero bias anomaly
As mentioned in the main text a peak at zero bias was also observed for other similar graphene/hBN/WSe2/hBN/graphene heterostructures. Figure 6 presents the differential conductance curves for two additional devices showing this peak. Additional electroluminescence data Figure 7 presents the electroluminescence (EL) versus bias voltage behavior for another device. The differential conductance curve for this device is presented above as black trace in Figure 6 . The map in Figure 7 clearly illustrates that the onset for EL is slightly above V ∼ ±1.7 V in agreement with the interpretation of excitonic states taking part in the tunneling as given in the main text. Figure 8 shows the EL spectra for several bias voltages corresponding to the map in The spectra were shifted vertically for clarity.
The bulk crystal used for the exfoliation of monolayer WSe 2 was purchased from HQ graphene.
